Because the frequency and character of rifting events along mid-ocean ridges are largely unknown, how the repetition of such events gives rise to rift structures is unexplored. The Asal rift in the Afar depression of Djibouti, Africa, provides the world's best subaerial analogue for young slow spreading mid-ocean ridges. Seismic, geodetic, and field observations of a seismovolcanic event in 1978 at Asal yield estimates of the fault and dike locations, geometry, displacement, and volume of basalt extruded in a rifting event. A 6-9 kyr-old lake shore highstand at Asal has been warped downward by 70 m, providing a Holocene measure of the vertical deformation across the rift. The rift topography furnishes an older datum, which we infer to be 34+6 kyr old using the Holocene deformation rate. We find that faults throughout the rift valley are active; Holocene slip rates diminish beyond 4 km from the rift axis; late Quaternary rates decrease beyond 6-7 km. The Holocene slip rates are used to estimate repeat times by taking the displacement on the faults which slipped in 1978 as characteristic; we find tectonic events on individual faults recur every 200-300 years. Half the rift faults slipped together in the 1978 event. If this is typical, then groups of faults are activated every 100-150 years. We suggest that half the events take place in the rift axis accompanied by volcanic extrusion; the remainder occur peripheral to the neovolcanic zone and involve fault slip only, both events having a repeat time of 200-300 years. Given the 10 km width of the rift and its 16 mm yr -1 spreading rate, the mean age of the material in the rift should be -350 kyr, an order of magnitude older than the inferred age of the formation of the rift topography. The subsidence rate of the rift axis during the past 35 kyr is 8-9 mm yr -1, with the rate of infilling by volcanic extrusion <1 mm yr -1. The resulting net subsidence rate, about equal to the half-spreading rate of the rift, could not be sustained for 300 kyr without significant infilling by lavas. Thus both observations suggest that the long-term vertical deformation in the rift has not been steady state. Instead, we suggest that there is a rifting/filling cycle at Asal, with the most recent filling episode ending -35 kyr.
INTRODUCTION
There are but two places where the world ocean rift system comes ashore, Iceland and Djibouti. By virtue of their abnormally high elevation, both sites are anomalous in certain ways: it is widely accepted that Iceland sits atop a hotspot, and seafloor spreading is incipient in Djibouti. Nevertheless, only [Ruegg, 1975] . The Axial Series basalts that line the rift valley have an oceanic affinity, with an olivine tholeiite composition typical of mid-ocean rift basalts [Vellutini, 1990] .
Because of its record of contemporary and Holocene deformation, there are a number of key unresolved questions about the evolution, mechanics, and seismovolcanic activity of mid-ocean rifts that can be answered at Asal. How do rift normal faults form, evolve, and become extinct as they move away from the rift axis? How often do fault-slip and volcanic events occur along a given rift segment? Are these events localized to the rift axis, do events migrate throughout the rift valley, or do they occur outside of the valley? Are the rift deformation and basaltic flux steady state or episodic? And finally, what is the depth of active faulting, or the limit of brittle elastic behavior, on a slow spreading rift? We endeavor to answer these questions at Asal for the insights they may impart on the less accessible mid-ocean rifts.
DATA
We compare deformation associated with an historical seismovolcanic cycle to the Holocene deformation recorded by the Lake Asal highstand and to the still older deformation preserved by the topography. Thus the principal data considered are leveling and field observations of the 1978 seismovolcanic event, measurements of the age and elevation of the Holocene highstand of lake Asal, and the rift topography. 
Deformation Associated With the 1978 Seismovolcanic Event

Deformation Since the Lake Asal Highstand
The water level of Lake Asal stood 160 m above sea level at 9-6 kyr, as shown by well-preserved lake shorelines. About 6-5 kyr, the lake level dropped by 310 m [Gasse, 1978] , and is now 155 m below sea level. The highstand is preserved by former shoreline markers, which fortunately are roughly coincident with the leveling route (Figure 3a) . In the central Asal rift, 48 14C dates along the highstand were obtained by Gasse and Fontes [1989] on inorganic carbonates, mollusc shells, stromatolites (algal mats) and travertines ( Figure 3b) ; the mean age is 7.6 kyr, with an average uncertainty of 240 years and a weighted rms variation about the mean of 1.2 kyr ( Figure 6 and Table 1 ). Nearly all fault blocks are sampled in several locations, and the highstand can be identified and correlated across the normal faults between 14C sample sites. Ruegg et al. [1990] measured the elevation of 104 Lake highstand markers by trigonometric leveling (Figure 3b) ; the typical combined uncertainty of the highstand position and geodetic error is 1 m. Sites included stromatolites, ripple marks, shell layers, and topographic shelves or berms. These points provide an accurate record of the vertical deformation in the rift since 9 kyr (Table 2) in Figure 5 : all profiles show pronounced inner rift subsidence associated with slip on the rift normal faults. Both the highstand and topographic profiles are asymmetrical, with a steeper and higher northeast wall. There are also key differences: the long-term deformation •evealed in the bottom two panels is broader than that in 1972-1984. Only faults within 2 km of the rift axis ruptured in 1978, whereas faults throughout the rift have been active during the two older intervals. Because the cumulative fault slip varies along strike of the faults, the comparison between the Highstand and topographic profiles is most direct when the topographic and lake highstand profiles intersect. At the southwest end, the similarity is less compelling, but there the topographic profile is located 1-2 km from the Lake highstand (see Figure 3a) .
ANALYSIS
Geometry and Moment of the 1978 Event
The 1978 (Table 3) .
Age of Modern Riff Formation
The profile of the Asal highstand elevation is most like the topographic profile when the highstand elevation is scaled by a factor of 3.75+0.25 relative to the topographic elevation (Figure 7 ). Given formation of the earliest highstand at 9+1 kyr and assuming a constant rate of deformation, the topography formed since 34+6 kyr. All faults within the 7.5-km-wide inner rift are seen to be active during both time intervals.
The 30-40-kyr period represented by the topography is only a brief increment in the Arabia-Somalia plate breakup. The westward propagating Gulf of Aden spreading center (Figure 1) reached the eastern Afar •-2 Ma, with the Asal-Ghoubbet rift forming about 1.6 Ma [Courtillot, 1982] . We interpret the topographic age to mean that sometime before 35 kyr, the rate of rift in-filling by volcanism exceeded the rate of graben formation by faulting and broadscale deformation, so that the structural trough created by the rift was filled by lavas. Since 35 kyr, the rate of extrusion has slowed relative to the rate of faulting and downwarping, creating the modern 300-m-deep rift.
Separation of Fault Displacement From Broadscale Deformation
The Holocene and late Quaternary profiles are produced by fault slip and dike emplacement in the brittle crust that cause short-wavelength deformation [Rubin and Pollard, 1988 To make reliable estimates of the fault throw, we seek to isolate the local faulting and fissuring from the deeper, longerwavelength processes. The similarity of the 7.6+1.2 kyr and 34+6 kyr deformation profiles (Figure 7) suggests that the same long-wavelength processes occur during both intervals. To represent the long-wavelength deformation, we sought a curve that captures the gross shape of the rift and its limbs. We chose to fit a polynomial of seventh order to the combined highstand and topographic points of The mean age is 7.6 kyr, with earliest highstand at 9 kyr and latest at 6 kyr. Lake level was fixed at 0 • by lake outlet, so deformation during 9-6 kyr is recorded at margins. Site quality is explained in Tables 1 and 2. along much of the topographic profile. Since the highstand observations are more sparse, however, the offset measured on points far from each fault includes some broadscale deformation or block tilting, which would result in an overestimate of the throw if the polynomial were not used. The curve drawn through the residuals represents our judgement of a surface that was continuous and flat, or nearly so, at 34+6 kyr in Figure 8b and 7.6+1.2 kyr in Figure 9b . The fault offset is underestimated by the topography where basalt flows, talus slopes, or alluvial fans have buried the base of the escarpment, such as at faults or, e, I, and J, so in these cases the surface is extrapolated beneath the cover (Figure 8b) . The +l.2-kyr scatter in the age of the highstand, the variable site quality, and the coarser sampling make the extrapolation of the fault offsets for the highstand profile less precise. While the vertical offset for faults or, [•, ?,/5, A, and F are clear, for example, offsets for faults E and K are indistinct. Here we were guided by the higher quality sites where possible (Figure 9b) . The fault offsets are more precise for the topographic profile than for the highstand, but the period of faulting is known for the highstand and only inferred for the topographic profile. Thus the fault slip rates deduced for both epochs have similar uncertainties (see Table 4 ).
Holocene and Late Quaternary Fault Slip
The distribution of slip among the inner rift faults (1-/5) are comparable during the Holocene and late Quaternary intervals (Figure 10 ). Quaternary faults more than 4-7 km from the rift axis (e, J, K, and L), however, appeared to have slowed or ceased during the past 8 kyr. It should be noted that the Holocene and Quaternary rates are not fully independent: the late Quaternary slip includes the Holocene component, and the Quaternary rates depend on our estimate of the 35-kyr duration of faulting. There is also an asymmetric distribution of Holocene slip in the rift. The summed slip rate on the northeast wall is 8.1 mm yr-1; on the southwest wall it is 5.7 mm yr -1 (rates summed for faults A-L (SW) and faults ot-oe (NE) in Table 4 ). In addition, the northeast wall exhibits greater rates on fewer faults than the southwest wall.
Estimates of the age of each fault can be made if we assume that the faults have slipped at their Holocene rates since inception. Thus, from the cumulative slip on each fault (Figure  11 a) , fault ages can be inferred (Figure 1 lb) . If faults formed at the ridge and continued to slip as they are carried away from the rift with time, then in both plots values should increase with distance from the rift. The absence of such a trend suggests that the faults formed at roughly the same time, or that basalt deposition erased the preexisting topography at one time. The mean fault age thus deduced, or alternatively, the age when the basalts were deposited, is 35+22 kyr, in accord with our other estimate of the age of the broadscale rift topography, but with larger uncertainty.
Tectonic and Volcanic Repeat Times
Repeat times for fault slip events. To convert slip rates to repeat times, we need to know the slip per event. Several wellpreserved surface scarps along fault ? show evidence of two to three previous slip episodes with comparable amount of slip. of all Holocene faulting in the rift. If the outer faults move together with comparable displacements, then this second group of faults has a recurrence time similar to the inner faults, and the repeat time for events somewhere in the rift should be roughly half of the -250-year individual fault repeat time, or 125 years.
The repeat time for grouped events can be gauged independently from the ratio of the coseismic extension of the rift to the Arabia-Somalia separation rate. The amount of dike opening inferred by Tarantola et al. [1979, 1980] in which all activity was concentrated close to the rift axis, is not the only mode of rift activity: Events distributed 2-5 km from the rift axis are just as frequent and occur on faults with dips and cumulative throws similar to those closer to the rift axis. Rubin and Pollard [1988] and Rubin [1990] showed that if faulting followed dike inflation, tensile strains imposed by the inflation could increase the tendency of normal faults located above and within a few kilometers of the dike to slip, while inhibiting slip on faults at greater depths and distances. This may be why slip in the 1978 event was restricted to shallow faults closest to the rift axis.
In general, fault slip does not diminish with distance from the rift axis (Figure 10 ), as Macdonald [1982, p. 169] proposed for slow spreading mid-ocean rifts, although faults G-K on the southwest wall do display decreasing Holocene slip or slip rate with distance from the rift (Figure 10) . Outside of the rift valley, the pattern is different: Faults J, K, and probably L, located 7-8 km southwest of the rift axis, ceased during the past 8 kyr. The transition between the rift valley and its outward dipping flanks may therefore mark a mechanical transition from sustained to sporadic faulting, whereas within those boundaries, faulting is uniform. Tapponnier and Francheteau [1978] proposed such a transition as a boundary for plastic necking of the rift valley, and Lin and Parmentier [ 1989, 1990] used this boundary for a series of numerical experiments. At Asal, this approach appears appropriate.
The asymmetric distribution of Holocene slip in the rift may be related to the proximity of the northeast wall to the thicker crust of the Danakil horst that lies 25 km to the northeast, in contrast to the stretched basaltic rocks that extend for 100 km to the southeast (Figure lb) . If the crust to the southwest were thinner, a greater number of closely spaced faults might form than in the northeast.
Fault Depth and Geometry
The depth of coseismic faulting and fissuring within 2 km of the rift axis is found to be remarkably shallow, <4.5 km (Figure  4b Table 4 The striking similarity of the Holocene deformation represented by the highstand and the long-term deformation preserved by the topography means that the process of rifting has been steady state, and largely devoid of volcanism, during the past 30-40 kyr. But the fact that the inferred age of the topography is so young in comparison to the 0.5-1.0 Ma age of rifting means that the process of rifting could not have been steady state before 30-40 kyr. The rapid subsidence that characterizes the past 30 kyr succeeded a period of volcanism that largely filled the rift. It seems unlikely that the horizontal motions within the rift valley could be steady for periods much longer than 30 kyr given the dramatic changes in the vertical motions. We lack precise geologic markers, however, that would enable us to measure the 30-to 100-kyr changes in plate separation within the rift.
The Holocene subsidence rate at the Asal rift is equal to the half-spreading rate. The basalt deposition rate during the past 30 kyr has been much less than the subsidence rate of 8 mm yr -], and so does little to modify the similarity between the subsidence and half-spreading rates. Thus rift growth has been self-similar since 35 kyr. If growth were self-similar over much longer time periods, the 7.5-km-wide inner rift would be 3.5 km deep rather than the observed 300 m. This suggests that voluminous extrusive episodes periodically fill in the rift. The Asal highstand furnishes an invaluable tool for deciphering the rifting process at Asal; it is unlikely that any such record will ever be available on mid-ocean rifts. We are fortunate that the Lake Asal highstand is located at nearly the same position as the leveling line, enabling direct comparison of contemporary and Holocene vertical deformation. Without the Holocene record, one might have surmised that the 1978 event, with fault slip restricted to the rift axis, typifies rift events. To explain the large cumulative slip on faults farther from the rift evident from the topography, one would have concluded that faults become progressively inactive with increasing distance from the rift, an erroneous deduction. On the contrary, if we had the Holocene record but lacked the 1978 event deformation, it would not have been possible to infer repeat times from the Holocene fault slip rates. Finally, without the horizontal geodetic observations of the 1978 event, we would not have been able to corroborate our estimate of the repeat time for seismovolcanic events on the rift.
